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Research covering three aspects of MPD thruster physics is discussed: First, a sig-
nificant operational problemwhich has limited the useful operation of the device is discussed.

This is severe erosion of the insulator at the cathode insulator junction. A technique which

appears to solve the problem has been tested, and is described. Second, a preliminary

analyses of the anode sheath is presented. Third, and lastly, analysis of the discharges two
dimensional nature is explored with for the case when: transversegradientsam considered but

transverse velocity is assumed to be zero. This situation applies to high aspect ratio devices.

The analyses concludes with: a) a formalism that provides a means to qualitatively evaluate

Ohmic dissipation from simplemeasurementsof magnetic field, b) discussion of the Hall effect

on gas dynamic choking, and c) discussion of the Hall effect on magnetosonicchoking (where
thermodynamics is ignored).

NOMENCLATURE

io Density (kg/m3)
B Hall Parameter

o Conductivity (oe denotes scalar conductivity)
A TransverseChannel Dimension (m)

B MagneticField Vector

• Unit of Charge (+1.6021E-19Coulomb)

F_ Electric Field Vector (V/m)

G Equation of State

h Enthalpy (JAg)

i Current Density (A/m2)

rh Propellant Mass Flow (kg/s)
m ElectronMass

n Number I)¢nsity (m"3)

P Pressure(l)a)

s Ion Slip Parameter

u Velocity vector (m/s)

e Electrons

i Ions

n Neutrals
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MPD THRUSTER EROSION RESEARCH - AFOSR Final Report 1/87 to 12/87 Page 5

"4

INTRODUCTION 7 _ ,,, ;:) "
tj_

The multimegawatt MPD ]thruster is an electric engine capable of orbital transfer and

maneuvering of large payloads driven by a megawatt class space power supply. The MPD

thruster is capable of specific impulses from 1,500 to 8,000 S, as demonstrated by thrust stand

measurements at Princeton University. The high specific impulse means this_ctrid)system

can perform missions using much less propellant than chemical systems. A fly _. MW MPD

electric system, propellant and payload from one shuttle launch must be replaced by the

equivalent of four fully loaded Centaur G' stages. Thus, the savings in propellant and launch
b tantial _ _costs are very su s , i-• _,_,4 - ". ; ' ", -:

t_ , , . .,. -_

The MPD thruster has been studied in research laboratories since its discovery in 1964.

Early steady-state testing was compromised by high vacuum tank pressures, which resulted in

entrainment and acceleration of ambient gas. Later work in the 70's was concentrated in

pulsed, multimegawatt, quasi-steady mode to circumvent the need for costly steady-state

pumping systems. In the quasi-steady mode, current is applied in a rectangular pulse much

longer than plasma transients. This approach has permitted a variety of diagnostic_ to be

applied in university research program. These show that efficiencies of 38% at 4,000 s are

achievable with a primitive thruster design. Theory suggests that ultimately 50-60% is

possible.

Prescndy, thruster research is focused on determining the lifetime of components.

Principle is the cathode, which must operate under severe conditions while supplying some

20,000 amperes at 200-400 A/sqcm. Secondly, the anode must be studied to w.',c,infized losses in

the anode sheath region, which may be as much as 10-20% of the total input power. Finally,

the insulator must be studied to assess the role of plasma dynamic choking which governs the

power input to the thruster.

SCIENTIFIC OBJECTIVES FOR FY87

The ultimate goal is to develop a multimegawatt MPD thruster with a lifetime of at least

1,000 hours and a thrust efficiency over 50%. To support this goal, component level studies

mustbeconductedinrealisticconditions.Physicalissueskeytothelargergoalare:

1989014797-006
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1 Cathode physics with adjacent, high speed plasma flows

a. What istheeffectofhighspeedandenergyionson theheatbalanceand electron

emissionprocesses?

b. Does the viscous boundary layer on the cathode preclude the high speed ions from

bombarding and sputtering the cathode?

c. How dogasspecies,suchasNeon,Nitrogen,andArgonaffectthecathodephysics?

2 Anode sheathphysics

a. How is theanode fallvoltagequantitativelyrelatedto the self-magneticfield

su'cngth?

b. Can theanodefallvoltagebesubstantiallymodifiedbytheadditionofa solenoidal

shapedfield?

c. Doestheanodesheathplayaroleinca_odeerosion?

3 Choked Flow and Thermodynamics

a. Can the insulator shape be modified to affect the applied electric field at the axial

halfwayposition,wherethebackEMF reachesit'speak?

b. Can spectroscopicstudiesof thetemperatureand plasmavelocitybe made inthe

arcdischargetoprovetheroleofthermodynamicsinthrusterbehavior?

STATUS

In pursuit of the above objectives, which were always considered beyond the scope o_ _:+

single years effort, three major areas are reported.These cover (1) experimental stat_,_by

1989014797-007
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discussing the insulator-cathode interface, (2) a quasi one dimensional analysis pertinent to

choked flow and thermodynamic issues, and (3) precursor analyses of the anode sheath region.

INSULATOR/CATHODE INTERFACE

DESCRIFHON OF PROBLEM: Severe erosion of the insulator at the cathode interface

occurred in the newly designed, 100 kW MPD test bed, shown in figure 1. Figure 2 is a detail

of the cathode insulator region showing the eroded part. Erosion occurred independent cf the

mass flow through the 0.25 mm annulus and independent of the presence or absence of the

annulus. Schrade has reported erosion in this location in devices at U. Stuttgart, although

the electrode configuration differs and the piece adjacent to the cathode is a floating

potential, water cooled copper part. This erosion only occurs in U. Stuttgart devices during

start up transients.

Japanese researchers have had severe erosion of cathodes at this interface, rather than

the insulator, in pulsed, multimegawatt, quasi-steady devices. The problem was solved by

adding a buffer electrode, essentially a tungsten tube ins,--ted in the insulator and electrically

isolated from the cathode.

Here two hypothesis regarding insulator erosion are considered:

_a.f.tllL,_;_: Figure 3 shows a buffer electrode, insulator, cathode, and hypothetical

sheath regions. By supposing the cold mass injected here results in low electron temperature

and density, the sheath thickness of a few Debye lengths may be as much as 0.125-0.25 ram.

If such regions exist, they permit the electrodes to impose sero axial electric field across the

Debye space. In turn, zero axial electric field should preclude axial current conduction. The

net theory: perhaps this arrangement prevents the arc from moving upstream and undermining

the buffer electrode and insulator.

Retro_m'adeAre Motion: Discussions of this problem with Schrade related his theory of

microarc spot motion to undermining of the insulator. Microarcs within the cathode sheath

region curve upstream, and may bend over and touch down again on the cathode. The original

spot may extinguish some nanoseconds later, leaving a new spot, micrometers upstream. The

process manifests itself on a macroscopic scale as retrograde motion of the current attach-

1989014797-008
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ment. FurtherSchradeestimates that an axial pressuregradientof 20 Tort across this region

shouldbe enough to arrestthe retrogradearc motion.

ExperimentalResults: Tests with a bufferelectrode showed that non erosive operation
could be achieved with a bufferelectrode radial clearanceof 0.18 to 0.30 mm. With smaller

clearance, the buffer electrode would short out m the cathode, probably due to uneven

thermal expansion. Both th,: cathode and buffer electrode expand in diameter an amount

similar to the radial clearanceof 0.18 ram, in heating fromroom temperatureto 2000 C. With

radial clearance above 0.30 ram, the current appeared to undermine and erode the buffer

electrode. Figure 4 shows the 100 kW subscale device operating at a steady state, duringa 1

hour 23 minute run where no damage occur_ to the insulator, cathode, or buffer electrode.

The tip cathode temperaturewas approximately 1875-1950 C for ,.hedurationof the run. The

anode lip temperaturewas approximately1600 C, and variedstronglywith temperature.Test

havenotbeen conductedto evaluatethe twohypothesesat this time.

ANODE SHEATH PRELIMINARY ANALYSIS

STATEMENTOFPROBLEM:Asignificant anode[sheath]fall voltage is observedduring

the operation of MPD devices. This fall voltage, depending on operating conditions, can be as

much as 50% of the total voltage appliedto the MPD device. This results in an inefficiency

(power loss) of an equivalent amount (up to 50%). This power loss ultimately results in

substantialanode heating.

The anode sheath can be characterizedas the boundaryphenomenon established by an

anode(an electroncollector) in the presenceof a plasma where a potential differrncebetween

the anode and the plasmaexists. In the MPD the situationis much more complicated. First,

the plasma exists in the presence of a magnetic field. Components of the plasma (i.e. elec-

trons) may exhibit magnetized behavior (where the cyclotron frequency is greaterthan the

collision rate). Second, the plasma must transporta large currentdensity resulting in ohmic

and Lorentz contributions to the dynamics. Source and sink phenomenon (ionization and

recombination) exist. Additionally, there exists significant spacial and temporal variation of

parameterswhich will complicate any simple attempts at modelling the anode sheath phenom-
enon.

1989014797-009
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The existence of an anode sheath or equivalently the presence of an electric field near

the anode must manifest itself as the existence of a non-neutral charge density as specified
by Gauss' law. Near the anode the assumption of charge neutrality therefore fails. In addit,':,

the plasma may not be fully ionized. Therefore, three species of particles exist, electron- :_,ns

and neutral atoms. This then further complicates the problem since the plasma now cam _t '_,e
correctly treated as a single fluid.

OBJECTIVE.' First, develop an understandingof the mechanism whichcontribute to the

anode sheath. Second, develop a model incorporating these individualmechanisms.This model

may f'trst be formulated as a simplified analytical model. _timately, quantitative answers for

a given MPD configuration (geometry and operating parameters) would be needext to assess

MPD performance. Therefore, a computational-plasma.dynamiccode incorporating the anode

sheam mechanisms might be exploited. With the behavior of the anode sheath understood,

steps may be taken in the laboratory (by possibly altering the MPD configuration and/or

operating parameters) to minimize the detrimental impact the anode sheath has on MPD
performance.

AP_PJ?,D_A.(_First, identify those mechanisms (e.g. pressure gradient, Lorentz force,

plasma resistance, etc.) which contribute to the anode sheath (electric field). The dominant

mechanisms may be identified by inspection of the complete set of magneto-hydrodynamic

equations correctly expressed for the anode sheathenvironment. Assumptions relating to the

appropriateness of the Navier-Stoke_ expressions for this environment will have to be jus-

tiffed.Other contributingmechanismsmay be identified from experimental observations.

Second, assess the appropriatenessof assumptionswhich may simplify the problem (e.g.

1-dimensionalanalysis, steady-stateoperation,isothermalplasma, etc.). Owing to the compli-

cated nature of the anode sheath problem many assumptions are required to simplify the

problemsuchthat modelsmaybe developedforeach of the mechanisms.Manyassumptionscan

be made without loss of generality.However, some assumptionscannot be justified within the
context of the problem.

Third,develop models forindividualmechanisms(e.g. collisions, conductivity, ionization,

etc.) drawingfrom existing techniques(e.g. Hall conductivity,Coulombscattering,etc.). From

the development of the models for the individual mechanisms within the anode sheath, the

behavior of the sheath and correspondingfall voltage may to be revealed. Contributions

1989014797-010



MPD THRUSTER EROSION RESEARCH - AFOSR Final Report 1/87 to 12/87 Page 10

from highly simplified analytical models may provide useful insight into the behavior of the
anode sheath.

Finally, a complete model of the anode sheath incorporatingthe individual mechanisms is

sought with as few assumptions as possible. This may take the form of a computational-

plasma-dynamic code where the equations of physics governing the MPD are transported
through time and allowed to converge.

NARRATIVE OF EFFORTS: A baseline MPD device of known configuration and specified

parameters was used to scope-out the contributions of each of the mechanisms in the anode

sheath. This baseline MPD is based on experimental devices which have been run in the

laboratory. The contribution estimates are used to support some of the modelling assumptions

in terms of estimating what mechanisms may be dominant and which may be ignored.

A program called PLASMA was developed (in FCRTRAN) to calculate characteristic

parameters of a plasma in the presence of a magnetic field. The results from this program was

used to scope-out the relative effects of the anode sheath mechanisms. The plasma charac-

teristics and basic parameters as calculated by PLASMA for the baseline MPD plasma are
shown in Table 1.

1989014797-011
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Electron Temperature [eV] !.00 ( 0.116E+05 K)
Ion Temperature [eV_ 0.50 ( 0.580E+04 K)
Electron Densi_ [m'"] 0.10E+21
Ion Density [m'"] 0.10E+21
Ion Atomic Number 18.
Ion Atomic Weight 40.00
Magnetic Field [Tesla] 0.10

Plasma Frequency [Hz] 0.898E+11 ( 0.334E-02 m)
Debye Length [m] 0.743E-06
Electron Cyclotron Frequency [Hz] 0.280E+10 ( 0.107E+00 m)
Ion Cyclotron Frequency [Hz] 0.384E+05 ( 0.781E+04 m)
Electron Larmor Radius [m] 0.337E-04
Ion Larmor Radius [m] 0.644E-02
Electron Thermal Speed [m/s] 0.593E+06
Ion Thermal Speed [m/s] 0.155E+04
Beta 0.403E-02
Hall Parameter 0.879E+01
Mean Free Path [m] , 0.340E-03
Collision Rate (e-i) Is" _] 0.200E+10
Collision Rate (e-e) [s_'] 0.500E+10
Collision Rate (i-i) Is" l] 0.524E+08
Bremsstrahlung Frequency [Hz], 0.242E+15 ( 0.124E-05 m)
Bremsstrahlung Radiation [W_m'] O,162E+03
Synchrotron Radiation [W/m' ] 0.621E-01

Table 1: Input Parameters to PLASMA.FOR

After inspection of the Navier-Stokes equation for a stemy-st_te plasma considering

collistonal effects, three dominant driving effects for the anode fall were isolated, ohmic

losses across the anode sheath, back-EMF produced by the Lot,-,ntz force, and u_,¢electron

pressuregradient across the anode sheath. These observations are ...onsistent with genendly
accept theory.

Charge Density; Gauss' law specifies the resulting charge density produced by an

electric field gradient. Observations of electric field gradients of order 10,000 volts/meter

squared within the anode sheath with corresponding plasma densities of order 1.0E+20/cubic

meter have been made in the laboratory. By Gauss' law this corresponds to a change in charge

density of order 1.0E+lL/cubic meter. This change is very small compared to the bulk plasma

1989014797-012
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density. This observation is different from a previous t_.eories that the anode sheath would be

very ion rarefied.

GeneralizedConductivity_(Ohmicand Back-EMF): Thisobservationof approximate

densityuniformityacrosstheanodesheathwouldindicatethatthenatureoftheconductivity

andtheback-EMFarenotsigrdficandydifferentfromthebulkoftheplasmaiftheplasmais

assumedtobeapproximatelyisothermal.Infact,energylossesintheanodesheathpossibly

indicatehottertemperaturesinthesheathwhichwouldme:m higherconductivity(d_'creased

ohmic and back-EMF effects).Additional,theHal'parameterwould notappeartochange

significantly between the bulk plasma and the e.,'todesheath. This would de-emphasize rite

influence of the magnetic field on the anode fall. Therefore, the strong electric field (plasma

potential) observed in the anode sheath might be dominated by the charge density gradient.

Static-Case Electric Field: If ohmic and back-EMF effects are assumed to be small

relative to charge density gradient effects, then a closed form analytic solution can be

calculated for the electric field near the anode. The plasma was assumed to be static, with

zero current and isothermal. The results of the solution for the electric field, plasma

potential and charge density for the chosen baseline MID are shown in Figures 5, 6, and 7.

These results appear to be approximately consistent with observations from the laboratory.

_: One component of the transport mechanism for the thermal load to the

anode is identified to be the current electrons passing through, the anode sheath potential,

accelerating under the electric field and then being absorbed into the anode. These electrons

experience many collisions in the sheath which in turn heats the region near the anode. This

would indicate a non-isothermal plasma in the anode sheath region. Ionization effect may be

significm_t in anode sheath. The ohmic power loss for the anode sheath region based of the

static-case electric field solution above for the baseline MPD is shown in Figure 8.

The highlights mentioned above are preliminary and require additional

investigation to improve on the theoretical assessments. Additionally, effects of neutral atoms,

ionization and recombination has not been considered. Future studies will also include these

considerations.

1989014797-013
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To fully tmderstand the anode sheath and the MPD in general, a dynamic model incor-

porating the necessary mechanisms must be developed. Much work has been done on related

Magneto-Hydrodynamic (MHD) codes. However, most work has been done only with electrical

neutral plasmas. Currently an existing 2-dimension, non-ideal MHD code with cylindrical

symmetry is being sought such that anode sheath phenomenon can be added and analyzed.

Ultimately, this research is intended to guide MPD experimentation in the laboratory with

the aim of improving MPD thruster performance.

OUASI 1-D THEORY

The purpose of this analysis is to examine the role of the Hall parameter in the context

of the simplest theoretical framework. Previous work by King, Lawless, and Subramaniam has

exposed the effects of equilibrium, frozen, and non-equilibrium state relations on gas dynamic

choking in a strict one dimensional channel. By allowing for transverse gradients with zero

transverse velocity, the one dimensional analyses can be extended to include the rotation of

the body force from the axial direction, while retaining reasonable mathematical simplicity.

Assumptions and Simplifications The analyses assumes:

* Long aspect ratio where field fringing at the ends is neglected

* Channelarea(height)isslowlyvarying

* Zerotransverse velocity

* Sheath voltages are constant with axial position (which is to say that sheath effects

areignored)

* SteadyFlow

* Ratekineticsgovernedbystatisticalmechanics

1989014797-014
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* Continuum flow

* Viscosity is neglected

Governing Equations:

The equilibrium state equation is written in a convenient form:

P=pG(p,h) (I)

Ohms Law (form as it appears in Mitchner and Kruger, Partially Ionized Gasses, John

Wiley & sons, 1973):

E-,-t,,_ .,-rpe = j._-__b + s_xC.-T',,_).
• v_e a- (2)

,Be._" ,.oe _,:

",'s _e

Continuityequation:

pu_A =_
(3)

,,,,,, I

1989014797-015
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Y (transverse)momentum, assuming Uy= 0

a _ z/Z4o
6 P_ (4)

= -- JxB+.

X (axial) momentum:

;9x _ × (5)

Energy F..quation:

: . ) ._J
(6)

Calculationof the Hall currentand electric field is useful in assessing this

effect in the gL dynamic choking and magnetosonic choking equations. For purposesof
illustration,a special case has been selected. The Hall currentand field can be calculated

from Ohms law for the case where the electron Hall parameteris of order l, the ion Hall

parameteris Bi<<l, and the ion slip is negligeable(s-0). These conditions areobtained when

the gas is fully ionized. The electron pressure terms in Ohms law will be maintained.

Electron pressureand density gradientsshould be significantin MPD thrusterssince electrons

1989014797-016
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bear the resultant body force which accelerates the plasma. The total pressure for this

isotropic ca,_ is:

P=Pc+Pi+Pn (7)

Sincethegas isassumedtobc singlyionize_i,Pn=O, ne=ni,and te=ti hasalreadybccn

assumed,we may write:

Pi=Pc (8)

and

Using(4)in(9)allowsustowrite:

"f (lO)

Using (10)and by manipulatingonlythex and y componentsof(2)we cancalculateJx

withoutknowl_ig¢ofEx:

.... i989014797-017
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_.x= I-_

Also,we willnoex[:

Although (11) and (12) apply for the special case of an equilibrium, fully ionized plasma, these

can be used to e._timate the sign and magnitude of the Hall effect. To gain some insight,

simplify (11) and (12) for the case Be--1:

,,: _o_(_y-_,,8,.) , (14)

1989014797-018
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Fora=7500 mho/m, 0.O5<Bz<0.1,1019<ne<lO 21, which arereasonablevalues for megawatt
MPD thrusters, we find:

1.2 < (2ene)/(aeBz) < 235

Thus, the denominator of (14) is positive. For an accelerator, Ey-uxB z must be positive,
therefore Jx>O. For isothermal accelerating flow,

hence _p__.

therefore Ex>O. Evaluating the sign of Ex for more general cases is not so easily done. The

product of the Hall current and field is positive, and adds energy to the _ow.

Using (13) and substituting Be=l, (14) and (15) results in:

This can be compared to the strictly one dimensional case,equation(6) from reference 1:

Jy'_e(Ey-uxBz ).

1989014797-019
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The Hall effect can be interpreted as increasing the conductivity by the factor _

0 < 1-(2enc)/(aeB z) < 1

for the values cited above.

Note that (14) and (16) can be combined to eliminate Ey-UxBz:

Jx=Jy 2enc / (IcBz (17)

It is now easy to calculate the Ohmic dissipation:

dq---.(l_y+UxBz)Jy+ +Ex.Ix

which can be simplified to:

J_t "-,-.

y x
Again, comparing (lSa) to the strictly one dimensional case where dq=lyZ/Oe, we see

that

Ohmic dissipation from the y field components has dec're.a.q_by a factor l-(2ene)l(OeBz),

which for this example is less than one. However, dissipation from the Hall field and current

more than mlke up for this, as seen by simplifying (18a):

dq= ___(I 4_ __ / -- _Ty _ (lgb)

1989014797-020



MPD THRUSTEREROSION RESEARCH- AFOSRFinal Report 1/87 to 12/87 Page20

The conclusion of aU this effort is that for the interesting, singly ionized case, ',he Hall

effect incrcascsdissipation. We can gage this effect by substituting (17) into (18b):

Experimentaldata of magneticfield can be mathematicallytransformedto currentstreamlines,

and the ratio Jx/Jycan be visuallyand geometricallydetermined. Examinationof experimental

data can be used to identify regions where Jx/Jy is significant. Such areas can now be
interpreted directly as incurring higher than optimal Ohmic dissipation. This basis permits

direct comparison of various operating points or configurations to determine areas and
conditions where Ohmicdissipationis high.

Gas Dynamic Choking: To maintain algebraic simplicity, the state equation can be

written to ignore effects of density on ionization reactions. This is defensible for plasmas of

a density found in MPD thrusters,according to reference1. The simplified equation of state
is:

P--P r..,.(:hi i (19)
(_. it1

0..= 5pet, eLo_c _uad

Combiningthe aboveequationsin a mannerdescribedin referencel, the equationfor axial
accelerationthroughMach I can be written:
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At the sonic singularity, (Ux=a), the numerator must also be zero, which means that the area

change is zero and the electric field is specified by the relation:

ExJx/Jy+E3, = (BzridA) (dO/dh) (21)

This differs from ref. I by the addition of the Hall field Ex and current Jx" The Hall

parameter is similar to Jx/Jy, and thereby affects the choking relation to first order.

Using these equations, a numerical model can be constructed that would expose the

detailed behavior of gas dynamic choking and the Hall effect. The assumptions of full

ionization and equilibrium state equation can be relaxed at the expense of algebraic simplicity.

The development of more realistic equations still should exhibit the Hall and gas dynamic

chokingeffects.

Ma_etosonic Choking: The case where flow is fully ionized with an ideal stateequation

has been analyzed for a 1-D channel with area variation by Martinez2. The Hall effect can

be assessed by using a pad of paper, (4)-(6), and eliminating all transverse derivatives in favor

of axial:

.L _ tt- -t_x_ _._ -I

�C,-*-o) 0
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withdefinitions, for convenience, of:

j =
•---.._t" .-. 2/'_, (22b)

(Note: j has units of A/m2 but is neither Jx nor Jy.)
7..

ab z _-- _
,,4,¢_/_ (22c)

,,E-- Er - £x _,
ay 6a

! _ ,_. (22d)

_ ._/_ (22_)

Several interestingcases can be explored. First,Maninez has analyzed a case which ignores

thermodynamiceffects. Here this is obtainedby zero temperatureor taking the limit as the

speedof so,mdapproacheszero:

__" ..L. _(_) ... Ex J (23)

Magnetosonic choking occurs when:

1989014797-023



MPD THRUSTEREROSIONRESEARCH- AFOSR FinalReport1/87 to 12/87 Page23

z_.-- c (24a)
\ub/ /-

O..

TocomparethistotheMartinezapproachwerewrite(24_with(22c)and(22d):

l

• . (24b)

with the Hall parameterzero,thisreducesto

_ e_e.
( =

An orderof magnitudeestimate for (I _)",using typical numbersfrom pulsed, multimegawatt

tests and l_e---l,indicates Ex is of the same orderas Ey. Thus for typical Hall parametersof
one to ten, the right most term of _,4b) indicates that magnetosonic choking is strongly
affectedby the Hall parameter.

SUMMARY

A buffer electrode was designed and used to prevent severe insulator:msion. Two

hypotheses remainconcerning the physics of it's function. Since the severe erosion was not

observed in a smaller device, the effectiveness of a buffer electrode to protect the insulator

in largerdevices is in question. Experimentsandanalysis should be conductedto examine the

mechanisms atwork in the insulatorto cathode interface.
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Preliminary anode sheath analysis has been done, and should be extended to include the

effects of neutral atoms and ionization. Anode heat loads can only be predicted after an

acc_atesheath model has be_ndeveloped.

Analyses of a quasi one-dimensional approximation has illuminated the basic effect of the

Hall parameter on a) Ohmic heating, b) gas dynamic, and c) magnetosonic choking effects.

The approach should be useful to experimental studies in that it provides a simple way to

relate magnetic field measttrements, easily obtained in pulsed testing, to Ohmic dissipation.

As a result of the difficulty of solving the insulator erosion, funds were exhausted before

the crucial cathode erosion measurements could be made. Future efforts in steady-state

experiments should be directed at obtaining this data as the first priority.
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® ®

Figure 1 - 1013kW MPD Test Bed Schematic
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Figure 2 _Detail of Insulator Erosion
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Figure 3 - Buffer Electrode Schematic
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I:igure 4 - Self-Field Steady-State MPD Thruster Operating at 23 kW, 0.16 gs Argon,

12(_1,.\, for a 83 minute run
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Figure5- Anode SheathElectric Field vs Distancefrom Anode
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Plasma Potent ;al
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Figure6 - PlasmaPotentialvs. DistancefromAnode
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Figure 7 - Charge Density vs. Distance from Anode

1989014797-032



f

MPD THRUSTER EROSION RESEARCH - AFOSR Final Report 1/87 to 12/87 Page 32

ORm i c Power Loss
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Figure8 - OhmicDissipationvs.DistancefromAnode
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